AKI remains a highly prevalent disease associated with poor short-and long-term outcomes and high costs. Although significant advances in our understanding of repair after AKI have been made over the last 5 years, this knowledge has not yet been translated into new AKI therapies. A consensus conference held by the Acute Dialysis Quality Initiative was convened in April of 2014 and reviewed new evidence on successful kidney repair to identify the most promising pathways that could be translated into new treatments. In this paper, we provide a summary of current knowledge regarding successful kidney repair and offer a framework for conceptualizing the therapeutic targeting that may facilitate this process. We outline gaps in knowledge and suggest a research agenda to more efficiently bring new discoveries regarding repair after AKI to the clinic.
AKI represents a serious complication in hospitalized patients. AKI is associated with increased intensive care unit (ICU) and hospital mortality as well as enhanced progression toward CKD. Indeed, some estimates hold that 20% of all patients on incident dialysis developed ESRD related to AKI. 1 In patients .60 years of age, there is a 3-to 8-fold progressive and age-dependent increase in the frequency of AKI. [2] [3] [4] The elderly also suffer increased rates of progression to CKD, ESRD, and death after an episode of AKI compared with younger patients. 5 Because the number of United States citizens ages 65 years old or older will double over the next 20 years, the burden of AKI in this group will be substantial.
Ischemia-reperfusion injury, nephrotoxins, and sepsis are the main causes of AKI, sharing some pathogenic mechanisms of microvascular derangement and tubular epithelial cell dysfunction. The mechanisms of tissue repair after AKI are complex and involve epithelial, endothelial, stromal, and inflammatory cell types. This cellular complexity makes the task of measuring both injury and repair using biomarkers difficult. Despite this challenge, much has been learned concerning productive repair from AKI, and this knowledge can be used to guide therapeutic strategies aimed at accelerating this process. Here, we review very recent discoveries in this area and outline a framework for applying new basic discoveries for generation of novel AKI therapies.
METHODS
The 13th Acute Dialysis Quality Initiative (ADQI) Consensus Conference on Therapeutic Targets of Human AKI held in Charlottesville, Virginia in April of 2014 (www.adqi.net) was attended by an international group of experts and focused on an objective scientific review of the current literature, developing a consensus of opinion, with evidence where possible, to distill current literature and articulate a research agenda to address important unanswered questions. Similar to otherevaluate kidney repair, except for changes in serum creatinine (Scr) that reflect alterations in GFR. However, Scr is considered a suboptimal GFR marker and an insensitive biomarker of AKI when both damage and functional changes occur together. Likewise, a decrease of Scr to normal range or baseline level does not necessarily reflect complete renal functional recovery or complete reconstitution of normal kidney structure.
The Goal: Is Complete Functional Repair Possible? One way to summarize the goal after AKI is complete renal function repair (CFR), which incorporates restorations of renal perfusion, GFR, and tubular function. Whereas nearly all clinical studies now address only GFR, CFR encompasses a wider spectrum of renal functions, such as urinary concentrating ability, as well as histologic reconstitution, such as peritubular capillary density. Whether CFR actually occurs is not known at present. Even basic questions remain unanswered. What percentage of patients with AKI achieve CFR? Can patients benefit from CFR, and what are the consequences (e.g., increased morbidity and mortality) when repair is incomplete? Can therapeutic interventions improve CFR? To answer these questions, a panel of renal functional biomarkers is required to evaluate renal outcomes in clinical AKI studies. Figure 1 illustrates these concepts.
Restoration of renal perfusion relies on normal renal blood flow (RBF) and restoration of microvascular function. There are several techniques now available to evaluate functional biomarkers of RBF and microvascular tissue oxygenation. Contrast-enhanced ultrasonography using gas-filled microbubbles as contrast agents has been used extensively to assess myocardial perfusion during echocardiography with accepted safety. 7 Contrast-enhanced ultrasonography has been used to determine renal reserve in healthy volunteers, diagnose renal artery stenosis, detect perfusion abnormalities in kidney transplantation, and identify subclinical AKI in ICU settings. 6, 8 Blood oxygenation level-dependent magnetic resonance imaging is a rapid, noninvasive method for assessing renal tissue oxygen bioavailability, relying on the paramagnetic properties of deoxyhemoglobin. There have been studies using blood oxygenation level-dependent magnetic resonance imaging in experimental ischemic AKI and clinical settings, including allograft rejection compared with normal functional transplants and transplants with acute tubular necrosis. [9] [10] [11] Other noninvasive tools that are potential candidates for assessing RBF and tissue oxygenation include positron emission tomography and optical spectroscopy, 12, 13 both of which need validation in additional clinical studies.
The clearance of an ideal filtration marker, such as inulin, iothalamate, or iohexol, remains the gold standard for measuring GFR but is very cumbersome, with limited use in clinical practice. Recently, an experimental fluorescencebased measuring assay has been developed for bedside instantaneous measurement of GFR, with excellent agreement with the concurrent iohexol-based GFR measurement. This new technique has potential applicability in AKI, whereas Figure 1 . Cartoon illustrating that productive repair is restoration of both structure and recovery of function. The upper left reflects a normal, uninjured kidney, which is characterized by the absence of injury biomarkers (x axis) and unimpaired GFR (y axis). An episode of AKI moves the patient to the lower right, which characterized by elevated injury biomarkers and reduced GFR. Complete functional repair occurs along the black line, and this is the process that should be targeted therapeutically. However, after an AKI episode, some patients may experience a normalization in injury biomarkers without restoration of GFR (lower left). This would occur in cortical necrosis or end stage kidneys, where an absence of live parenchyma explains the reduction in injury biomarkers rather than an absence of injury. In other cases, after AKI, some patients may recover GFR but have residual injury, which reflected by ongoing injury biomarker levels (upper right). These patients have structural kidney damage that may manifest as hypertension, microalbuminuria, tubular dysfunction, or decreased reserve, despite the apparently normal GFR. It will be critical to target repair along the black line rather than either white line (www.adqi.net). HTN, hypertension; mAlb, microalbuminuria.
clinical studies are needed to validate its efficacy and safety in humans. 14 The renal tubular compartment is the most commonly injured target in various settings of AKI. There are multiple markers available to evaluated tubular dysfunction, such as albuminuria, small molecular weight proteinuria, renal glycosuria, impaired tubular acidification, and decreased urinary concentrating function. However, very few studies have implemented these assays in assessing renal functional recovery after AKI.
In all, the renal functional biomarker panel should reflect RBF, kidney tissue oxygenation, accurately assessed GFR, and renal tubular function. This will require a combination of imaging, biomarker, and functional studies. Prospective studies are needed to define the optimal components in the panel and evaluate its use in assessing renal functional repair after AKI. Such studies should include the elderly, because the incidences of both AKI and failed repair are highest in this group.
A Need for Kidney Repair Biomarkers
A plethora of urinary biomarkers for early detection of kidney structural injury are currently under evaluation in AKI. By contrast, biomarkers that reflect kidney tissue repair are few. When the kidney recovers after epithelial cells are lost, the surviving cells dedifferentiate, migrate along the basement membrane, proliferate to restore cell number, and then, differentiate, resulting in restoration of the integrity of the nephron. In this case, one example of a urinary repair biomarker might be a protein that reflects epithelial proliferation. Exfoliated mitotic renal tubular epithelial cells in urine sediment are a simple marker reflecting ongoing proliferation of tubular cells in the injured kidney. In a recent study of patients at high risk for AKI undergoing cardiac surgery with cardiopulmonary bypass, an increase in the product of urinary tissue inhibitor of metalloproteinase-2 (TIMP-2) and IGF-7 (TIMP-2 3 IGFBP7) values served as a sensitive and specific urinary biomarker to predict AKI early, whereas the decline in the urinary concentrations thereafter was found to be a strong predictor for renal recovery, which was defined as an Scr value at hospital discharge equal to or lower than that at baseline. 15 Because both TIMP-2 and IGFBP7 are inducers of G1 cell cycle arrest, which is a mechanism involved in the early injury phase of AKI, the decline of urinary (TIMP-2 3 IGFBP7) concentrations may imply an initiation of normal proliferative repair in response to the injury.
Other possible biomarkers for kidney repair include proteins expressed by tubular brush border, such as Type 2a Na-phosphate cotransporter (NaPiT2a). The apical expression of NaPiT2a by the proximal tubule was decreased in kidneys from septic mice, and restored in a regenerating stage associated with the recovery from renal hypoxia. 16 Thus, the recovery of the urinary NaPiT2a levels, if detectable, would reflect the restoration of tubular brush border. Recently, proteomic analysis of urinary exosomes, which contain proteins from cellular membranes, as well as cytoplasmic and nuclear compartments provides biomarker candidates for the diagnosis of AKI. For example, urinary exosomal Fetuin-A was found to be increased in experimental and human AKI and served as a biomarker for structural renal injury. 17 It is not known whether a normalized urinary exosomal Fetuin-A would be observed during repair.
With a number of kidney repair biomarkers under investigation, it is important to keep in mind that it will be difficult to distinguish whether an AKI therapy accelerates repair or if it limits acute injury. It is expected that a maneuver that reduces initial injury will result in more complete repair, simply because fewer nephrons must undergo repair in the first place. This issue can be addressed in the preclinical realm, because the time of injury is known, and therefore, the acute fall in GFR (initial injury) can be compared with the rate of GFR recovery at later time points (repair) to distinguish between a therapy that targets one or the other. In the clinical realm, the time of injury is often not known or may be ongoing, complicating efforts to define a time when injury ends and repair begins.
Despite this challenge, we believe that repair markers hold promise in the AKI biomarker field.
Mechanisms of Normal Repair
The kidney has a remarkable capacity for repair and regeneration, which is evidenced by apparently complete recovery of function after AKI. Previous studies using animal models of repair after acute ischemic injury have shown that tubule proliferation occurs in the straight segment of the proximal tubule, where most of the damage occurs. 18 The origin of the tubular cells that replenish the epithelial population after such damage is now becoming increasingly clear. Using chimeric mice with the donor bone marrowexpressing enhanced EGFP gene, Duffield et al. 19 concluded that bone marrowderived cells do not make a significant contribution to the restoration of epithelial integrity after an ischemic insult. A subsequent study by Humphreys et al. 20 used genetic fate mapping and transgenic mice to label tubular epithelial cells or tubular interstitium, concluding that regeneration by surviving epithelial cells was the predominant mechanism of repair after ischemic injury.
In contrast, other investigators suggested the existence of a specific tubular cell subpopulation with high regenerative potential and resistance to apoptosis also called scattered tubular cells or proximal tubule rare cells. [21] [22] [23] [24] These works hypothesized that these cells might represent a committed intratubular stem cell population. [21] [22] [23] [24] To address this controversy, Kusaba et al. 25 and Berger et al. 26 have used transgenic mice to genetically label this scattered tubular cell population. Both groups independently concluded that scattered tubular cells do not represent a fixed progenitor population but rather, a phenotype that can be adopted by almost any proximal tubular cell on injury. Tubular cells seem to switch to a common injury response program characterized by graded expression of specific markers (scattered tubular cell phenotype). Thus, the field is now reaching consensus that surviving epithelial cells repopulate the tubule in a process of dedifferentiation.
AKI is accompanied by a sterile inflammatory response that contributes to the tubular cell damage. 27 Intracellular molecules released from dying tubular cells, also called damage-associated molecular patterns, elicit immunostimulatory effects. Damage-associated molecular patterns also can activate a set of pattern recognition receptors, such as Toll-like receptors (TLRs), on renal parenchymal as well as in the interstitium. 28 A recent study 29 examined the role of TLR4 and IL-22 secretion in renal repair. TLR4 blockade during the early phase suppressed IL-22 production, but also, TLR4 blockade during the healing phase suppressed IL-22 production and impaired kidney regeneration. These studies suggest that TLR4 signaling drives epithelial regeneration of a postischemic kidney through secretion of IL-22 from mononuclear phagocytes, which links renal inflammation and regeneration at the level of TLR4.
The role of macrophages in renal repair is of particular interest, because they can exhibit distinctly different functional phenotypes broadly characterized as proinflammatory (M1 or classically activated) and tissue reparative (M2 or alternatively activated) phenotypes. 30 Zhang et al. 31 examined the role of resident renal macrophages/dendritic cells in repair after AKI. Genetic or pharmacologic inhibition of macrophage colonystimulating factor 1 signaling blocked macrophage/dendritic cell proliferation, decreased M2 polarization, and inhibited recovery. These findings showed an important role for colony-stimulating factor 1-mediated expansion and polarization of resident renal macrophages/dendritic cells in renal tubule epithelial regeneration.
Recent discoveries have advanced our understanding of the role of cell cycle control in AKI repair. After the first 24 hours of ischemic injury, tubular cells undergo apoptotic and necrotic cell death. In response, many of the surviving, normally quiescent proximal tubule epithelial cells proliferate and enter the cell cycle. 32 Proliferating cells are acutely sensitive to genotoxic stresses in the postischemic inflammatory environment. To proliferate, cells enter the cell cycle, sequentially activate cyclin-dependent kinases (Cdks) Cdk4/6 and Cdk2, and begin to synthesize checkpoint proteins, including p21. 33 This cell cycle reentry after injury has been viewed as a protective response. Previous studies suggest that expression of the Cdk inhibitor p21 ameliorates the injury 34 and that overexpression of p21 or the use of other Cdk inhibitors can protect against cisplatin and ischemic cell death. 35, 36 Therefore, transient expression of Cdk2 or Cdk4/6 inhibitors represents a novel strategy to improve renal repair and could provide protection against early tubular cell death but still allow for normal repopulation of injured tubules to undergo subsequent proliferation.
What Aspects of Repair Can Be Targeted Therapeutically?
Mesenchymal Stem Cells Bone marrow-derived mesenchymal stem cells (MSCs) migrate to injured kidney in response to signals released from damaged tissues, including stromalderived factor 1/CXCR and HGF/c-met axes, 37, 38 endothelium adhesion signals, such as VLA-4/VCAM-1, 39 and matrix adhesion signals, such as CD44-dependent hyaluronic acid interaction. 40 Several studies showed the engraftment of MSCs without a direct differentiation into mature tubular epithelial cells. [40] [41] [42] MSCs can modulate the processes of dedifferentiation, migration, proliferation, and new redifferentiation of injured tubular cells to restore kidney homeostasis, mainly through paracrine mechanisms. The most compelling evidence for a paracrine mechanism for tissue repair comes from the demonstration that, in experimental models of AKI, intraperitoneal injection of conditioned medium from MSCs mimics the beneficial effects of intravenous injection of whole MSCs. 43 MSCs release factors that promote tubular proliferation and trigger angiogenesis, such as bFGF, IL-6, HGF, TGF-b, EGF, stromal-derived factor 1, Angiopoietin-1, Epo, VEGF, and IGF. Knockdown of VEGF or IGF secretion decreases the protective effect of MSCs in experimental models of AKI. 44, 45 Other molecules released from MSCs (HLA-G5, PGE2, IL-10, NO, IDO, and HO-1) exert anti-inflammatory and immune-modulatory effects, such as inhibition of dendritic cell differentiation/ activation, inhibition of CD4+/CD8+ T cell proliferation/cytokine release, reprogramming of macrophages toward an M2 phenotype, 46 and stimulation of T regulatory cells. 47, 48 On the basis of these preclinical data, MSCs have been evaluated in clinical trials in patients with AKI with promising results (suprarenal aortic infusion in patients of cardiac surgery and induction therapy in patients of oncology with kidney transplantation subjected to cisplatin chemotherapy). [48] [49] [50] Although no serious adverse effects have been reported in trials, 51 a note of caution rose from experimental studies, in which the possibility of MSC maldifferentiation, tumorigenesis, and overimmunodepression has been reported. [52] [53] [54] Three main aspects of MSC therapy for treating AKI should be better elucidated in the next years: (1) evaluation of possible longterm adverse effects, (2) comparison of regenerative effects of bone marrowderived MSCs with MSCs isolated from other sources (adipose tissues, cord blood, etc.), and (3) identification of specific paracrine mediators released from MSCs involved in kidney regeneration. In this setting, recent studies suggested a possible role of MSC-derived extracellular vesicles, which are able to influence the biologic behavior of neighboring cells through the direct transfer of proteins and genetic material. MSC-derived extracellular vesicles are able to induce renal repair in experimental models of AKI through the horizontal transfer of mRNA and microRNA, synergizing with known growth factors. [55] [56] [57] Other Therapeutic Targets Tissue repair and limitation of damage after AKI are correlated with tubular cell proliferation and triggering of angiogenesis of endothelial cells. Recent studies have identified new potential therapeutic targets in ischemia-reperfusion and sepsisassociated AKI. It is clear that macrophages regulate repair after AKI as well. Macrophages rapidly accumulate in the postischemic kidney, and although they enhance inflammation early on, they also promote repair at later phases by phagocytosis of cell debris and through other mechanisms. For example, macrophages deliver reparative Wnt7b to tubular epithelia, enhancing proliferation and restoration of a functioning nephron. 58, 59 A summary of the most recent findings for other therapeutic targets is presented in Tables 1 and 2 .
What Patient Factors and Diseases Affect Repair? Current Knowledge Factors that affect restoration after AKI can be divided into disease-specific factors and patient-specific factors.
Disease-Specific Factors
Available clinical data suggest that the etiology of AKI plays an important role in the recovery of renal function. Using a Veterans Affairs database, Amdur et al. 60 found that patients diagnosed with isolated acute tubular necrosis were significantly more likely to develop CKD stage 4 than patients with AKI without a specific etiology. After 7 years of follow-up, Schiffl and Fischer 61 compared patients with single-cause AKI (e.g., ischemia) with those with multiple-cause AKI. Patients with multiple-cause AKI had a significantly higher incidence of CKD than those with single-cause AKI (38% versus 5%). Septic AKI is characterized by a higher burden of acute illness, longer hospitalization, and more frequent need for RRT compared with nonseptic AKI. 62 Patients with septic AKI, however, have shown trends toward higher rates of recovery and independence from RRT. 62 Although these findings are interesting, they also clearly show that additional studies are necessary to further substantiate these results and provide more detailed insight into the underlying mechanisms.
Patient-Specific Factors
Age and comorbidities represent the most important patient-specific factors that determine recovery from AKI. Aging itself is associated with changes that promote AKI and impair renal restoration, including oxidative stress, cellular senescence, increased susceptibility to apoptosis, decreased epithelial proliferation, and reduced stem cell function. 63 Moreover, changes in the aging kidney are not uniform and vary between individuals (animal and clinical data). 64 AKI in the elderly is most often multifactorial and depends on the setting (i.e., outpatient versus Sirt1, silent information regulator-1; PGC-1a peroxisome proliferator-activated receptor gamma coactivator-1a; I/R, ischemia-reperfusion; ROS, reactive oxygen species; HIF-1a, hypoxia-inducible factor. hospitalized). 65, 66 Sepsis, nephrotoxic drugs, hypoperfusion, and obstructive uropathy are among the most frequently observed contributing factors. The data as to whether age per se is a risk factor for nonrecovery remain somewhat controversial. Schmitt et al. 66 found that, in a meta-analysis of patients with AKI receiving intermittent RRT, the risk of nonrecovery was 50% greater in elderly patients than younger patients. Contrary to that, Schiffl and Fischer 61 showed that, in a cohort of 425 patients in the ICU with AKI, patients with complete or partial recovery did not differ significantly in their mean age. However, the good renal outcome in elderly patients in this study 61 may be partially explained by the fact that patients with preexisting renal disease were excluded. Elderly patients more often have a higher burden of comorbidities, including CKD. It is not completely understood whether comorbidities, particularly CKD, or age per se increase the risk for nonrecovery. 65, 66 Congestive heart failure and complicated diabetes are the two most important nonrenal comorbidities that greatly affect recovery from AKI. Pannu et al. 67 used an administrative database to conduct a population-based cohort study looking at various factors affecting recovery from AKI in .190,000 patients. Only preexisting congestive heart failure and complicated diabetes were significantly associated with nonrecovery from AKI. Not surprisingly, preexisting renal dysfunction was also associated with a higher rate of nonrecovery.
What are the Gaps in Knowledge, and What Are the Areas for Future Research to Bridge These Gaps? The limited amount of conclusive data about factors modulating kidney restoration after AKI warrants both more indepth research of already established fields and opening up new research avenues. For example, although the effects of age on the kidney and kidney function are rather well known, there is still no reliable biomarker to differentiate between normal aging and comorbidities mimicking renal aging.
Animal data to elucidate the mechanisms of kidney restoration have so far largely focused on ischemia-reperfusioninduced AKI. This work may not optimally model other forms of AKI that are prevalent, particularly in the elderly (e.g., sepsis, druginduced, and even obstructive nephropathy). Even with ischemia-reperfusion injury, the vast majority of these studies are performed in young rodents, which do not reflect the clinical reality that AKI most often occurs in the elderly. Developing better animal models that mimic human disease, 68 including AKI, must be a priority.
Available epidemiologic data are inconclusive regarding the role/effect of aging per se on recovery from AKI. Thus, future epidemiologic studies have to better differentiate between the effects of age per se and the effects of comorbidities that are more prevalent in the elderly. Whether targeting repair will reduce the risks of short-term morbidity, such as multiorgan failure, or the risks of long-term CKD, ESRD, and death is also unknown and requires investigation.
CONCLUSIONS
Our improved understanding of the cellular and molecular basis for repair after AKI has provided a better assessment of what constitutes complete repair. At the same time, there is a growing body of evidence suggesting that traditional measures of repair (i.e., GFR) fail to capture functional and structural changes that may accompany a cycle of acute injury followed by repair. New biomarkers are needed to target not simply injury but also, the normal repair process. Although MSCs represent one therapy that seems to target repair, several other pathways show promise as therapeutic targets to accelerate or promote complete repair. It will be important to conceive of repair as a targetable process in the future to maximize our chances of deriving effective new therapies for AKI. 
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